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ARTICLE INFO ABSTRACT

Keywords: The present study aimed to establish and evaluate a preclinical model of steroid-associated osteonecrosis (SAON)
C"mCOSterO}d in mice. Sixteen 24-week-old male C57BL/6 mice were used to establish SAON by two intraperitoneal injections
Osteonecrosis of lipopolysaccharide (LPS), followed by three subcutaneous injections of methylprednisolone (MPS). Each in-
Animal model P . . . . c

Cell cvele jection was conducted on working day, with an interval of 24 h. Six cycles of injections were conducted.
VEGFy Additional twelve mice (age- and gender-matched) were used as normal controls. At 2 and 6 weeks after
Adipogenesis completing induction, bilateral femora and bilateral tibiae were collected for histological examination, micro-CT
Osteoclast scanning, and bulk RNA sequencing. All mice were alive until sacrificed at the indicated time points. The typical

IL-6 SAON lesion was identified by histological evaluation at week 2 and week 6 with increased lacunae and TUNEL+
Pyroptosis osteocytes. Micro-CT showed significant bone degeneration at week 6 in SAON model. Histology and histo-
morphometry showed significantly lower Runx2+ area, mineralizing surface (MS/BS), mineral apposition rate
(MAR), bone formation rate (BFR/BS), type H vessels, Ki67+ (proliferating) cells, and higher marrow fat frac-
tion, osteoclast number and TNFo+ areas in SAON group. Bulk RNA-seq revealed changed canonical signaling
pathways regulating cell cycle, angiogenesis, osteogenesis, and osteoclastogenesis in the SAON group. The
present study successfully established SAON in mice with a combination treatment of LPS and MPS, which could
be considered a reliable and reproducible animal model to study the pathophysiology and molecular mechanism
of early-stage SAON and to develop potential therapeutic approaches for the prevention and treatment of SAON.

1. Introduction (SAON) is an increasing concern regarding the long-term and/or large

dose of corticosteroid therapy, leading to pain and activity restrictions

Corticosteroids (CS) exert potent anti-inflammatory and anti-
immunological effects and thus are frequently prescribed in the treat-
ment of diverse diseases, such as Severe Acute Respiratory Syndrome
(SARS), Systemic Lupus Erythematosus (SLE), and severe coronavirus
disease 2019 (COVID-19) [1,2]. Steroid-associated osteonecrosis

and eventually subchondral bone collapse, which requires total joint
arthroplasty [3]. Several phenomena observed during SAON develop-
ment include fat embolism, vascular thrombosis, osteocyte and osteo-
blast apoptosis, and oxidative stress [4]. However, the maladaptive
signaling of SAON is still desirable to be studied by using suitable animal
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model(s).

The authors' group have successfully established a number of SAON
models with the combination treatment of lipopolysaccharide (LPS) and
methylprednisolone (MPS) in rabbits [5,6], rats [7], and emus [8].
However, the mouse model is the most used animal model for studying
the molecular mechanism of diseases and drugs, and it is more suitable
as a cost-effective animal model. To date, several studies established
SAON mouse models with oral administration of dexamethasone
(drinking water), which needed a longer time (12 weeks) to induce
osteonecrosis, yet without inducing inflammation, thus failed to clini-
cally mimic the primary inflammatory diseases which require CS ther-
apies [9-11]. LPS increased the incidence of SAON in animal models
[12] and induced systemic inflammation, which also mimics the clinical
situation in patients with acute/chronic inflammatory diseases admin-
istrated with CS as an anti-inflammation drug that may result in a higher
risk of osteonecrosis [1,2], where chronic inflammation is a prominent
feature of osteonecrosis [13]. Unlike other larger animals which require
intravascular injection, intraperitoneal (i.p.) injection of LPS could
induce systemic inflammation in mice [14]. The dose of LPS with i.p.
injection to mice in the published protocols ranged widely from 50 pg/
kg to 2.5 mg/kg to induce systemic inflammation in an acute reaction
period within 24 h [15]. Clinically, pulsed MPS with a high dose of 30
mg/kg is intravascularly prescribed to rescue the life of severe inflam-
mation patients [16]; to mimic the clinical situation, we tested the dose
effect of MPS with a high dose of 100 mg/kg in three consecutive days to
induce SAON in mice cause mice as mice had larger metabolic rate than
large animals and humans because of the large ratio of metabolic organs
such as liver and kidney to body weight [17,18]. As the repair of SAON
may spontaneously in quadrupedal animals [6,19], the treatment of the
combination of LPS and MPS should be given continuously before sac-
rifice to maintain the osteonecrotic status accordingly.

We hypothesized that such a protocol with a combination treatment
of LPS and MPS injections could induce SAON in a mouse model and
evaluated this induction protocol at earlier time-points (i.e., 2 and 6
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weeks) after the SAON induction, using various measures. This pre-
clinical disease model is essential for research on the pathology of SAON
and potential prevention and treatment approaches with targeted
mechanisms in an efficient and cost-effective way.

2. Materials and methods
2.1. Ethics statement

All the experimental protocols were reviewed and approved by the
Animal Experimental Ethics Committee of the Chinese University of
Hong Kong (Ref. No. 19-146-MIS). We followed both the Guide for the
Care and Use of Laboratory Animal (2010) [20] and the ARRIVE (Animals
in Research: Reporting In Vivo Experiments) guidelines [21].

2.2. Experimental animals and study design

Twenty-eight 24-week-old male C57BL/6 mice with the body weight
of 27— 40 g were used in this study. The mice were housed in the animal
room under a temperature-controlled (25 °C) condition with a 12/12-h
reversed day/night cycle and received food and water ad libitum.

In this study, repeated boost of systemic inflammation was needed as
SAON may get repaired spontaneously in small animal model, so we
tested the effect of a mid-level LPS (0.25 mg/kg) in two continuous days
in the first week and a higher dose of LPS (0.5 mg/kg) in two continuous
days from the second week after the anti-inflammatory effect of CS.

Animals were divided into the Normal Control group (n = 6/time
point) and the SAON group (n = 8/time point). As shown in Fig. 1A, on
day 1 and day 2 of the first week, each mouse was intraperitoneal (i.p.)
injected with lipopolysaccharide (LPS, Escherichia coli 0111:B4; Sigma-
Aldrich, St. Louis, MO, USA) with lower dosage of 0.25 mg/kg/day, and
from the second week after the anti-inflammatory effect of CS, the dose
of LPS was increased to 0.5 mg/kg/day on day 1 and day 2 of every
week. On days 3, 4, and 5 of every week, each mouse was subcutaneous
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Fig. 1. SAON model induction protocol, body weight and the consumption of food and water.

(A) SAON mouse model was induced by a combination treatment of LPS and MPS for 2 and 6 weeks. LPS: lipopolysaccharide; MPS: methylprednisolone. (B) The body
weight of the SAON mouse was significantly lower 3 days after SAON induction (#: p < 0.05 compared between time points), and consistently lower than the normal
control mouse (*: p < 0.05 compared between groups). (C)-(D) The food and water intake were measured at week 2 and week 6. (*: p < 0.05, ***: p < 0.001). Data

were expressed as mean + SD.
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(s.c.) injected with methylprednisolone (MPS, Pfizer Manufacturing
Belgium NV) 100 mg/kg/day. For the Normal Control group, mice were
treated with 0.9 % saline solution as the vehicle with the same injection
methods as the SAON group. The body weight of each mouse was
checked every day before LPS or MPS injection. Food and water intake
was checked at week 2 and week 6. The mice were euthanized by i.p.
injection of an overdose of pentobarbital at week 2 and week 6,
respectively. Bilateral femora and tibiae were collected for further
analysis.

2.3. Micro-CT-based trabecular architecture

To determine the trabecular architecture, the left tibiae from week 6
of each group were fixed in buffered formalin for one day, and then
stored in 70 % ethanol solution until micro-CT scan (uCT-40, Scanco
Medical, Briittisellen, Switzerland). The spatial resolution was 10.0 pm.
The region of interest (ROI) was set as trabecular bone of the proximal
tibia with a thickness of 1.0 mm and 0.5 mm from the growth plate for
analysis. A threshold of 220 HU with a low-pass Gaussian filter (Sigma
= 0.8, Support = 1) was set to define mineralized tissue from back-
ground signals [22]. The bone mineral density (BMD), bone tissue vol-
ume fraction (BV/TV), structure model index (SMI), connective density
(Conn. D.), trabecular number (Tb. N), trabecular thickness (Tb. Th),
and trabecular separation (Tb. Sp) were analyzed [23].

2.4. Histological and histomorphometric analysis

For decalcified sections, the bone samples from the right-side femur
and tibia were fixed in buffered formalin for one day and decalcified by
10 % EDTA (pH 7.4), embedded in paraffin and cut into 5-pm-thick
sections along the coronal plane for the proximal femora, and along the
sagittal plane for distal femoral and proximal tibiae. Sections were
stained with H&E. Tartrate-resistant acid phosphatase (TRAP) staining
(Sigma Diagnostics, Missouri, USA) was performed for osteoclast iden-
tification. The terminal deoxynucleotidyl transferase dUTP nick end
labelling (TUNEL) was stained for apoptosis detection (#11684795910
Roche Applied Science, Rotkreus, Switzerland). CD31 and Emcn were
co-stained by immunofluorescence (IF) staining to evaluate type-H
vessels in bone marrow with anti-CD31 antibody (AF3628, Bio-
Techne) and anti-Emcn antibody (sc65495, Santa Cruz). TNFa was
stained by immunohistochemistry (IHC) staining as a local inflammation
marker in bone marrow with anti-TNFa antibody (ab6671, abcam).
Runx 2 was IHC stained as an osteoblast differentiation marker with an
anti-Runx 2 antibody (sc-8566, Santa Cruz). Ki67 was stained by IF
staining as a cell proliferation marker with an anti-Ki67 antibody
(ab15580). The IHC/IF staining was quantified by the percentage of
staining positive area or percentage of staining positive cell numbers
using ImageJ (version 1.51, Wayne Rasband, National Institute of
Health, USA) or cell counting.

For un-decalcified sections, sequential fluorescence labelling was
conducted for week 6 samples. Two fluorescent dyes, xylenol orange
(90 mg/kg body weight, Sigma-Aldrich GmbH) and calcein green (10
mg/kg body weight, Sigma-Aldrich GmbH) were subcutaneously injec-
ted sequentially (at day 10 and day 3 before euthanasia, respectively).
After euthanasia and micro-CT scan, the proximal tibiae were equili-
brated in 30 % sucrose and then embedded in optimal cutting temper-
ature compound (OCT compound) without decalcification for
cryosection using an established protocol [24]. Sections of 8 pm-thick
were cut along the sagittal plane.

Digital histological images were captured with a microscopic imag-
ing system (Leica DM5500; Leica Micro-systems, Wetzlar, Germany).
The osteonecrotic lesion was identified with the established criteria, i.e.,
diffused presence of empty lacunae or pyknotic nuclei of osteocytes in
trabecular bone accompanied by surrounding necrotic bone marrow
[19]. Histomorphometric analysis was carried out on the metaphysis of
proximal tibia in a 1 mm width area 0.5 mm below the growth plate

%RQH

according to a standard histomorphometry protocol [25].

2.5. Bulk RNA-seq

Bulk RNA-seq was performed on the week 2 samples. Four mice from
each group were euthanized. The left femur and tibia were immediately
collected. The proximal and distal femur and tibia with a length of about
3 mm were smashed in liquid nitrogen. Total RNA was extracted by
TRIzol (Takara) and purified with RNeasy® Mini Kit (Qiagen, USA). The
quality of total RNA was tested by Agilent 2100 bioanalyzer. All samples
met the requirements of library construction and sequencing. Total RNA
from two mice of the same group was combined as one sample for RNA-
seq. The RNA-seq was performed on the BGISEQ-500 platform (BGI,
China). The data were analyzed by using the Dr. Tom online system
provided by BGI. The canonical pathways were analyzed and visualized
using QIAGEN's Ingenuity® Pathway Analysis software (IPA®, QIAGEN
Redwood City).

2.6. Statistical analysis

The body weight was expressed as mean + SD and analyzed with
two-way ANOVA followed by Bonferroni post-hoc test to assess statistical
significance between groups and different time points. The data shown
in bar chart were expressed as mean + SD and analyzed with unpaired
two-tailed t-test, or two-way ANOVA (data with different time points)
followed by Bonferroni post-hoc test to assess statistical significance
between groups. Statistical analysis was performed using GraphPad
Prism 8 (GraphPad Software, San Diego, CA, USA). Differences were
considered significant when p < 0.05. For the RNA-seq analysis, fold
changes with Q-values not above 0.05 were considered significant (Q <
0.05). IPA statistical analysis was based on two metrics: p-value and z-
score. The significant association was considered at p < 0.05. A positive
or negative z-score indicated an overall predicted increased or decreased
function in the SAON group compared to the normal control group (|z|
>2 was considered as significant).

3. Results
3.1. Combination of LPS and MPS induced SAON in mice

ALL the mice of the SAON group showed lethargy and anorexia in the
first week after administrations of lower dose of LPS. They all recovered
from lethargy and anorexia after the MPS administration and could bear
an increased dose of LPS after then without any obvious change of life
activity. No mouse died during the entire six weeks of induction. The
body weight of the SAON mouse was significantly lower at 3 days after
SAON induction than baseline, and consistently lower than the normal
control mouse (Fig. 1B). Compared with the normal control, the mice in
the SAON group had larger food consumption at week 6, and larger
water consumption at both week 2 and week 6 (Fig. 1C, D). Identified by
histological analysis, osteonecrosis in the mouse model occurred at week
2, as there was diffused presence of empty lacunae and pyknotic nuclei
of osteocytes in trabecular bone accompanied by surrounding necrotic
bone marrow (Fig. 2A). Histomorphometry results showed a signifi-
cantly higher percentage of empty lacunae in the SAON group than
normal group, at both week 2 and week 6 (Fig. 2B) and a significant
higher marrow fat fraction in the SAON group at week 6 (Fig. 2C). At
week 6, the repair of osteonecrosis was observed histologically, there
were neotissues encapsulating the osteonecrosis region with live cell
morphology (Fig. 2C). The TUNEL staining images showed apoptosis of
osteocytes in the SAON group at week 2 and week 6. In particular, at
week 6, there was dilated TUNEL positive staining of osteocytes in SAON
group (Fig. 3A). The percentage of TUNEL-positive osteocytes in SAON
group was significantly higher than that of the normal group at both
week 2 and week 6 (Fig. 3B).
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(A) Representative H&E staining images showed empty lacunae (black arrows) in osteocytes, and necrotic bone marrow (black asterisks) in the SAON group at week
2 and week 6. (B) Histomorphometry results showed a significantly higher percentage of empty lacunae in the SAON group at both week 2 and week 6. (C)
Significantly higher marrow fat fraction in the SAON group at week 6. (**: p < 0.01, ***: p < 0.001).

3.2. Deterioration of trabecular architecture in SAON mice

The trabecular architecture was evaluated using micro-CT at 6 weeks
after SAON induction, the bone mineral density (BMD), bone volume
fraction (BV/TV), connective density (Conn. D.), and trabecular number
(Tb. N) of SAON group at proximal tibia were all significantly lower than
those of the normal control group; the trabecular separation (Tb. Sp) of
SAON group was significantly higher than that of the normal group.
There was no significant difference in the structure model index (SMI)
and the trabecular thickness (Tb. Th) between both groups (Fig. 4).

3.3. Disruption of bone metabolic homeostasis in SAON mice

The bone metabolism including osteoblastic bone formation and
osteoclastic bone resorption were evaluated using histological and his-
tomorphometric analysis. Runx2 is a key transcription factor associated
with osteoblast differentiation. IHC staining showed that the Runx2
positive area in the bone marrow of SAON group was significantly lower
at week 2 and week 6 than that of the normal group (Fig. 5A). Sequential
fluorescence labelling images and histomorphometric analysis of the
mineralizing surface (MS/BS), the mineral apposition rate (MAR), and
the bone formation rate (BFR/BS) showed that, at 6 weeks after SAON
induction, the MS/BS, MAR, and BFR/BS in the SAON group were
significantly lower than those of the normal group (Fig. 5B). TRAP
staining images and quantification for osteoclast number (N.Oc/BS)
showed that the osteoclast number was significantly larger at week 6
than that of the normal group (Fig. 5C).

3.4. Decrease of abundance of type H vessels in bone marrow of SAON
mice

The type H vessels were identified by IF co-staining of CD31 and
Emcn (two endothelial cell markers). There was almost no CD31+ and
Emcn+ area in the bone marrow in the SAON group at week 2. The type
H vessels with CD31+ and Emcn+ appeared with large abundance at the
repair region beside the osteonecrosis region in the bone marrow in the
SAON group at week 6 (Fig. 6A). The CD31+ and Emcn+ endothelial

cell areas in the SAON group were significantly lower at both week 2 and
week 6 than those of the normal control group (Fig. 6B).

3.5. Inflammation and inhibition of proliferation in bone marrow of
SAON mice

To evaluate local inflammation in bone marrow, TNFa, an inflam-
matory marker, was quantified by IHC staining (Fig. 7A). The TNFa
positive areas in the SAON group were significantly larger at week 2 and
week 6 than those of the normal group (Fig. 7B). Ki67, a cell prolifer-
ative marker, was stained by IF staining (Fig. 7C). The percentages of
Ki67 positive cells in the SAON group were significantly smaller at week
2 and week 6 than those of the normal group (Fig. 7D).

3.6. Gene expression changed in bone tissue in SAON mice

To explore potential underlying molecular mechanisms in this SAON
mouse model, bulk RNA-seq was performed on the week 2 samples of the
SAON group and the normal control group (4 mice for each group). The
RNA from two animals was combined as one sample for further RNA-
seq. That is, two samples from each group were proceeded to RNA-
seq. There were 17,248 genes identified from both groups, of which
2286 differentially expressed genes (DEGs) were identified with the
threshold set as |log2FC| >1 and Q value <0.05. 1246 genes were
downregulated, and 1040 genes were upregulated in the SAON group
when compared to the normal control group (Fig. 8A). Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) enrichment for downregulated
genes showed the “DNA replication” and “Cell cycle” pathways the most
significant (Fig. 8C), and for upregulated genes the “Yersinia infection”
and “Osteoclast differentiation” pathways the most significant (Fig. 8D).
Gene Ontology (GO) enrichment showed that the downregulated genes
were enriched in “cell cycle” and “cell division” the most significantly
(Fig. 8E), while the upregulated genes were enriched in “inflammatory
response” and “immune system process” the most significant (Fig. 8F).
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Fig. 3. Detection of apoptosis by the TUNEL staining.
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(A) Representative TUNEL staining images showed apoptosis of osteocytes (arrows) in the SAON group at week 2 and week 6. At week 6, there was dilated TUNEL
positive staining of osteocytes (yellow arrows) in SAON group. (B) The percentage of TUNEL-positive osteocytes at both week 2 and week 6 (***: p < 0.001). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Normal

Fig. 4. Micro-CT-based trabecular architecture.
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(A) Representative micro-CT 3D images of the trabecular bone of proximal tibia 6 weeks after SAON induction. (B) Bone volume fraction (BV/TV), bone mineral
density (BMD), connective density (Conn. D.), structure model index (SMI), trabecular number (Tb. N) trabecular thickness (Tb. Th), and trabecular separation (Tb.

Sp) of the trabecular bone of proximal tibia at week 6 after SAON induction. (*: p < 0.05, **: p < 0.01)
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Fig. 5. Histological and histomorphometric analyses of bone metabolism.
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(A) Representative THC staining images and quantification for Runx2 expression in bone marrow. (B) Sequential fluorescence labelling images and histomorpho-
metric analysis of the mineralising surface (MS/BS), the mineral apposition rate (MAR), and the bone formation rate (BFR/BS) 6 weeks after SAON induction. (C)
Representative TRAP staining images and quantification for osteoclast number (N.Oc/BS). (**: p < 0.01, ***: p < 0.001).

3.7. Activity of canonical pathways changed in bone tissue in SAON mice

The 2286 DEGs were analyzed with IPA. The analysis of canonical
pathways showed that for the “Cell Cycle Control of Chromosomal
Replication” pathway, the comparison of predicted node activities and
actual measurements suggested a reduced cell cycle in the SAON group
(Supplementary Fig. S1). For the canonical pathway “VEGF Signaling”,
the comparison of predicted node activities and actual measurements
suggested an increased activity of the VEGF signaling pathway in SAON
group. The noteworthy for the VEGF signaling pathway was that
although the whole pathway suggested an increased activity, cell sur-
vival and angiogenesis were predicted inhibited (Supplementary
Fig. S2). For the canonical pathway “Adipogenesis pathway”, the com-
parison of predicted node activities and actual measurements suggested
an increased activity of the adipogenesis pathway in the SAON group
(Supplementary Fig. S3). The canonical pathway “Role of Osteoblasts,
Osteoclasts and Chondrocytes in Rheumatoid Arthritis” was predicted
with inhibition of osteoblastogenesis, bone mineralization and devel-
opment; and activation of osteoclast survival, differentiation,

maturation, activation, and bone resorption in SAON group (Supple-
mentary Fig. S4). An increased activity of IL-6 Signaling was also found
in the SAON group (Supplementary Fig. S5). Furthermore, the activity of
Pyroptosis Signaling Pathway in the SAON group was predicted to in-
crease (Fig. 14). Of note, granzyme A (GZMA) was extremely increased
(Supplementary Fig. S6).

4. Discussion

This study has successfully established a SAON mouse model with
combination injections of LPS and MPS. Typical osteonecrotic lesion is
identified by histology as a gold standard [26]. The proximal and distal
femur, and proximal tibia, displayed with similar clinical features in
SARS patients who received high doses of corticosteroid developed
osteonecrosis at multiple skeletal sites, including hip, knee and ankle
joint [27].

Both LPS and corticosteroids (CS) reduce cell viability and increase
cell death. The direct effect of CS on bone cells includes inducing the
apoptosis of osteoblasts and osteocytes as the impaired bone formation
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Fig. 6. Immunofluorescent staining of type H vessels in bone marrow.
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(A) Representative IF co-staining of CD31 (red) and Emcn (green) images. (B) Quantification of the CD31+ and Emcn+ endothelial area. (***: p < 0.001). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

[28,29], which is the direct cause of SAON. LPS can induce the apoptosis
of kinds of cells including osteoblasts and osteocytes [30,31]. Consis-
tently, the current study shows a significantly higher percentage of
empty lacunae of osteocytes and TUNEL-positive apoptosis of osteocytes
in the SAON group. The analysis of bulk-RNA seq shows increased ac-
tivity of the pyroptosis signaling pathway in the SAON group 2 weeks
after the SAON induction. Pyroptosis is a form of cell death which
originally deemed to be apoptosis because of some similar characteris-
tics such as caspase-dependent DAN damage and nuclear condensation
[32]. Pyroptosis is pro-inflammatory programmed cell death, which is
distinct from apoptosis, a non-inflammatory programmed cell death
[32]. When cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells
are activated by inflammation, they secrete granule Granzyme A
(GZMA) to trigger pyroptosis in target cells [33]. The SAON group in the
present study shows significantly increased measurement of GZMA,
which may contribute in inducing cell death and further inflammation
[341.

The necrotic bone repair after osteonecrosis occurred with

osteoclastic bone resorption of necrotic bone and osteoblastic reparative
bone formation of new bone. In this SAON model, the expression of
osteoblastic differentiation marker Runx2 and the dynamic histo-
morphometric analysis of the mineralizing surface (MS/BS), the mineral
apposition rate (MAR), and the bone formation rate (BFR/BS) indicate a
decreased new bone formation. While TRAP activity is significantly
increased at week 6 in this mouse model, which suggests that the oste-
oclastic bone resorption of necrotic bone is significantly stimulated until
week 6 after the SAON induction for removing necrotic bone, though the
TRAP activity is not significantly increased at week 2 because of the
reduced cell viability including osteoclasts. An alternative explanation
of the activation pathways of osteoclasts and not significantly increased
TRAP activity at week 2 is that the changes in signaling pathways had
not yet stimulated an increased number of osteoclasts, and thus may not
actually reflect ineffective stimulation. The continuous unbalance of
bone formation and bone reportion induced by the continuous LPS and
CS treatment in this model decreases the ability of reparative bone
repair but increases the destructive repair. Micro-CT-based trabecular
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Fig. 7. Inflammation and proliferation evaluation in bone marrow.
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(A) Representative IHC staining of TNFa images. (B) The quantification of TNFa expression in bone marrow. (C) Representative IF staining of Ki67 images. (D) The

quantification of Ki67-positive cells in bone marrow. (*: p < 0.05, ***: p < 0.001).

architecture analysis suggests the significant bone loss 6 weeks after
SAON induction, as demonstrated by the significantly lower bone min-
eral density (BMD), bone volume fraction (BV/TV), connective density
(Conn. D.), trabecular number (Tb. N), and significantly higher trabec-
ular separation (Tb. Sp) for SAON group, with same trend of bone loss in
SAON rat model induce by LPS and MPS [19]. Previous study reported
that CS was associated with severe osteopenia, osteoporosis and spine
injury in CS induced osteoporosis animal models [35-37], and LPS, also
inhibits bone formation while increases bone resorption, thus presenting
with net effect as bone loss [38,39]. Our bulk-RNA sequencing data
indicates the inhibition of osteoblastogenesis, bone mineralization and
development, and activation of osteoclast survival, differentiation,
maturation, activation, and bone resorption. Taken together, our SAON
mouse model is successfully established in a short time window within 2
and 6 weeks after the induction.

The impaired blood supply in bone marrow is a cause of osteonec-
rosis, which is also called avascular necrosis (AVN) of bone. CS has an
anti-angiogenesis effect [40]. In this SAON model, type H vessels in bone
marrow are significantly decreased at both week 2 and week 6. Espe-
cially at week 2, there is almost no type H vessel in the SAON group,
which suggested severe ischemia and hypoxia condition. VEGF signaling
pathway is one of the downstream responsible to ischemia and hypoxia
[41]. Upregulated VEGF signaling pathway may stimulate angiogenesis
and alleviate ischemia and hypoxia to enable homeostasis. Corre-
spondingly, bulk-RNA sequencing data shows an increased activity of
the VEGF signaling pathway. Higher VEGF expression without adequate
angiogenesis results in higher vessel leakage and oedema, and VEGF
stimulates osteoclast differentiation, which may further aggravate
osteonecrosis [6]. Although the total VEGF pathway shows an increased
trend, the cell survival and the angiogenesis are predicted to be inhibi-
ted, well in line with the histological results.

CS can promote adipogenesis through stimulating preadipocyte dif-
ferentiation, additionally CS also increases lipolysis in mature adipo-
cytes [42]. CS promotes the imbalance of the osteogenesis and
adipogenesis by activating PPARy of the MSCs and preadipocytes and
preosteoblasts to increase adipogenesis and meanwhile decrease osteo-
genesis to support SAON development [43]. The abnormal promoted
bone marrow fat accumulation impairs the blood supply and conse-
quently the hypoxia in the bone marrow region, which is also a cause of
osteonecrosis. A meanwhile, increased lipolysis by CS increases the
released fatty acids level in vessels and induces vascular inflammation

[44], which further contribute in the osteonecrosis. In our mouse model,
a higher marrow fat fraction is demonstrated at week 6 and the activity
of the adipogenesis pathway is elevated at week 2. It is not a contra-
diction for the not increased marrow fat fraction in the SAON group at
week 2, because of severe decreased cell viability shown in this model.

Inflammation is highly associated with osteonecrosis. Inflammation
can induce osteonecrosis [45], and chronic inflammation is a feature of
osteonecrosis [13]. Inflammation is associated with cell apoptosis,
fibrosis, decreased osteogenesis, increased bone resorption and vessel
leakage [6]. Inflammation diseases, such as systemic lupus erythema-
tosus (SLE), are at high risk of osteonecrosis, and anti-inflammation is a
strategy to prevent osteonecrosis [46]. In this study, LPS was used to
induce inflammation to mimic the inflammation diseases and the
chronic inflammation symptoms in SAON lesions. Significantly higher
expression of TNFa is found in the SAON group at both week 2 and week
6, suggesting chronic inflammation in the SAON group with LPS and
MPS combination treatment. The bulk-RNA sequencing data further
shows an increased activity of IL-6 signaling in the SAON group. The
current model using LPS and MPS demonstrates the combined effects of
inflammation and CS, which mimics the clinical situation in patients
with inflammatory diseases treated with CS and meanwhile, chronic
inflammation is a prominent feature of osteonecrosis [13]. Inhibition of
chronic inflammation is a strategy to improve the outcome of early-stage
osteonecrosis clinically [13].

Joint cartilage collapse is a key problem especially when entering the
late stage of osteonecrosis. The bipedal emu SAON model developed
with subchondral pathophysiology in response to loading stresses and
progressed with subchondral collapse [8]. However, this SAON mouse
model only presented with the early stage of osteonecrosis feature, that
is, the osteonecrotic lesions occurred scattered in the trabecular bone
region. It's hard to evaluate the subchondral region in this mouse model,
which is the limitation of this study.

In conclusion, this study successfully establishes SAON in a mouse
model with combination treatment of LPS and MPS. This animal model
is validated not only by typical histopathologic osteonecrosis evalua-
tions, but also using advanced bioinformatics approaches. We have
identified the metabolic dysregulation in gene expressions and canonical
pathways of SAON which matches that of human early-stage SAON
without late-stage joint collapse. This SAON mouse model is a suitable
animal model for further studies on the molecular mechanisms and
potential prevention and therapies of SAON.
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Fig. 8. Bulk RNA-seq data analysis.

(A) Volcano plot showing the differentially expressed genes (DEGs) between SAON and Control group. A total 17,248 genes were plotted from 74,693 genes from
Bulk RNA-seq, the threshold was set as |[log2FC| >1 and Q value < 0.05. (B) Heat map showing the z-score scaled relative expression levels of a total 2286 DEGs (Q
value < 0.05), 1246 genes were downregulated, and 1040 genes were upregulated. (C)-(D) Bubble plots showing Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment for down and up-regulated genes respectively between SAON and Control groups. The top 20 significant KEGG pathways were plotted. (E)-(F) Bubble
plots of Gene Ontology (GO) enrichment for down and up-regulated genes respectively between SAON and Control groups. The top 20 significant GO terms
were plotted.
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